The magnetoelectric coupling, i.e., cross-correlation between electric and magnetic orders, is a very desirable property to combine functionalities of materials for next-generation switchable devices. Multiferroics with spin-driven ferroelectricity presents such a mutual interaction concomitant with magneto-and electro-active excitations called electromagnons. TbMnO 3 is a paradigmatic material in which two electromagnons have been observed in the cycloidal magnetic phase. However, their observation in TbMnO 3 is restricted to the cycloidal spin phase and magnetic ground states that can support the electromagnon excitation are still un- der debate. Here, we show by performing Raman spectroscopy measurements under pressure that the lower-energy electromagnon (4 meV) disappears when the ground state enters from a cycloidal phase to an antiferromagnetic phase (E-type). On the contrary, the magnetoelectric activity of the higher-energy electromagnon (8 meV) increases in intensity by one order of magnitude. Using microscopic model calculations, we demonstrate that the lowerenergy electromagnon, observed in the cycloidal phase, originates from a higher harmonic of the magnetic cycloid, and we determine that the symmetric exchange-striction mechanism is at the origin of the higher-energy electromagnon which survives even in the E-type phase. The colossal enhancement of the electromagnon activity in TbMnO 3 paves the way to use multiferroics more efficiently for generation, conversion and control of spin waves in magnonic devices.
INTRODUCTION
In the so-called improper multiferroics such as perovskite manganites RMnO 3 with R being a rareearth ion, the electric polarization is induced by a spin order breaking the spatial inversion symmetry via the spin-orbit interaction [1] [2] [3] [4] [5] or the magnetic exchange striction 6, 7 . TbMnO 3 is one of the most studied multiferroic materials of this class. Such a compound is fundamental to study novel coupling between microscopic degrees of freedom such as spin and charge 8 . In 2006, Pimenov et al. 9 succeeded in exciting spin waves with the electric-field component of terahertz (THz) light in TbMnO 3 . They called these excitations electromagnons, excitations theoretically put forth by
Smolenskii and Chupis 10 more than 20 years ago. They also showed that the electromagnons could be suppressed by applying a magnetic field, directly demonstrating magnetic-field-tuned electric excitations 9, 11 . Their signatures have been evidenced by a large number of techniques : THz 9, 11 , infrared (IR) 12, 13 , Raman 14 spectroscopies and inelastic neutron scattering 15 . The interest for the electromagnons extends to applications. Tuning magnetic properties of multiferroics is the first step to build a new technology based on spin waves called magnonics using these promising materials 16, 17 . In particular, it has been demonstrated that the electromagnons can be exploited to directly manipulate atomic-scale magnetic structures in the rare-earth manganites using THz optical pulses 18 .
Considerable efforts have been devoted to determine the origin of the electromagnons. Katsura et al. 19 firstly proposed a model for a dynamical coupling based on the inverse DzyaloshinskiiMoriya (DM) interaction, originally developed to explain the static ferroelectricity in TbMnO 3 1 .
However, the light polarization predicted to observe such excitations is in contradiction with the two electromagnons observed in IR 13 and THz spectroscopies 11 . The two electromagnons are observed around 60 cm −1 (7.4 meV) and 35 cm −1 (3.7 meV) in the cycloidal magnetic phase. The higher-energy electromagnon has already been explained as a zone-edge magnon activated purely by the magnetostriction mechanism 13, 20, 21 , but the origin of the lower-energy electromagnon is still under debate. Two models have been proposed, one based on the anharmonic component of the cycloidal ground state 21 , and another assuming an anisotropic magnetostriction coupling 20 .
In this work, we investigate the dynamical part of the magnetism in TbMnO 3 under hydrostatic pressure to determine the exact spin ground state responsible for the electromagnon activity. At ambient pressure and below T C = 28K, the Mn magnetic moments exhibits an incommensurate cycloidal magnetic order propagating along the b direction with a wave vector Q C = (0, 0.28, 1)
3 . The magnetic order combined with an inverse DM interaction induces an electrical polarization along the c axis 7, 22, 23 . At around 5 GPa and 10K, the spin ground state changes from this cycloidal state to the E-type antiferromagnetic state with a wave vector Q E = (0, 0.5, 1) 24, 25 , in which a giant spin-driven ferroelectric polarization has been observed along the a axis 26, 27 . Tracking the electromagnons, low energy excitations with small Raman intensity, requires the development of dedicated instrumentation to optically study them under pressure. The experimental setup is based on a diamond anvil cell in a non-colinear scattering geometry. It allows to increase the numerical aperture collection and reduces the background signal to measure small Raman signal at low energy. We have then been able to measure the electromagnon Raman signal on TbMnO 3 as low as 10 cm −1 and up to 8 GPa. Figure 1a shows the low-energy part of the A g Raman spectra at 11 K for different pressures with light polarizations parallel to the a axis (for more details see Methods). At 0 GPa, two low energy excitations, associated with electromagnons, are observed at 60 cm −1 (e 2 ) and 35 cm −1 (e 1 ).
RESULTS

Experiments
The mode at 60 cm −1 corresponds to the zone-edge magnon of the cycloid activated by the pure exchange-striction mechanism 13, 21 . Even if its origin is still under debate, the mode at 35 cm Dashed line is a guide for the eyes. The insert is a plot of the integrated Raman intensity of the e 1 electromagnon as a function of pressure.
5
has been attributed to a magnon located at 2Q C away from the zone-edge, which corresponds to a replica of the e 2 mode and hence is referred to as a twin electromagnon 20, 21 . As seen in the insert of Fig. 1b , the integrated Raman intensity of the twin electromagnon (e 1 ) decreases as the pressure increases and finally it disappears between 2.13 GPa and 3.4 GPa. On the contrary, the intensity of the zone-edge electromagnon (e 2 ) is strongly enhanced above 4.5 GPa. Its energy decreases continuously as the pressure increases. The FWHM of the e 2 electromagnon in Fig. 1b presents a step around 4.5 GPa, corresponding to the transition from the cycloidal phase to the E-type phase.
The transition between the cycloid and the E-type phase is expected to be sharp. However, we suspect the transition is smoothed by domains which are averaged under our laser spot (size of 30 µm). Peaks above 100 cm −1 are ascribed to phonon modes. The frequencies of the two phonons at 110 cm −1 and 145 cm −1 increase under pressure due to the decrease of the crystal volume. We notice that an additional peak appears at 124 cm −1 above 4.75 GPa. Since no structural transition has been reported at this pressure previously, the activation of this mode is not trivial. This might be a Raman-activated infrared phonon mode coupled to magnetic excitations or a two-magnon excitation coupled with phonon modes 12 . Figure 2 represents the integrated Raman intensity of the zone-edge e 2 electromagnon peak extracted from Fig. 1a as a function of the pressure. The integrated intensity of the e 2 mode is a signature of the electro-and magneto-activity of the electromagnon. Above the transition to the E-type phase at 4.5 GPa, the activity of this electromagnon increases and is multiplied by an order of magnitude at 8.07 GPa. Moreover, a jump is observed around 4.5 GPa which reflects the switching of the ferroelectric polarization vector from the c axis to the a axis as seen by the P-E ferroelectric hysteresis loop 26, 27 . The measured spontaneous ferroelectric polarization 27 under pressure is included in Fig. 2 . We find that both set of data follow a similar behavior.
The experimental polarization reaches a maximum value of 1.1 µC.cm −2 at 9 GPa, an order of magnitude larger than the value at ambient pressure. It is clear that the continuous increase of the zone-edge electromagnon activity is correlated with the emergence and the hardening of the electric polarization along the a axis observed in the E-type phase. This underlines that the mechanism of the spin-driven ferroelectricity is also involved in the origin of the electromagnon activity in this phase.
Theory
To shed light on a physical mechanism of the electromagnons in the E-type phase, we developed calculations based on microscopic spin Hamiltonian consisting of five termes as H = To generate the high-pressure phase we set J b = 1.20 meV and ∆J ab = 0.04 meV, we obtain the commensurate E-type antiferromagnetic phase with spins pointing in the b direction.
The electromagnon and magnon excitations has been calculated with the microscopic spin model.
We consider the coupling −E ω · P between the external electric field E ω and the spin-dependent electric polarization P given by:
where
In the E-type phase, this term shifts oxygen atoms along the x and y axes and gives rise to a ferroelectric polarization along the a axis as observed experimentally 26, 27 . We first prepare spin configurations at a low temperature by the Monte-Carlo thermalization, and then let the spins configuration relaxed with a sufficient time evolution using the Landau-Lifshitz-Gilbert (LLG) equation. We apply a short pulse of electric field E ω a to the relaxed system at t=0 and trace the time evolution of ferroelectric polarization by numerically solving the LLG equation using the fourth-order Runge-Kutta method (see Supplementary Information) . The Fourier transform of the obtained time profiles of the spin-dependent electric polarization gives the electromagnon absorption spectrum.
DISCUSSION
The calculated electromagnon spectra for the two phases are displayed in Fig. 3c . We obtain two modes at 30 cm −1 and 80 cm −1 in the bc-plane cycloidal phase. These two modes correspond to the twin (e 1 ) and the zone-edge (e 2 ) electromagnons, respectively. On the other hand, we obtain only one mode at 60 cm −1 in the E-type phase which corresponds to the down shifted e 2 electromagnon. Aguilar et al. 13 argued that the exchange-striction mechanism does not work in the collinear spin phase. Since the E-type phase has long been believed to be a collinear order, we expect that the electromagnon excitation mediated by the exchange-striction mechanism should disappear in the E-type phase. However, our calculation reproduced a large electromagnon resonance in the E-type phase. This can be understood from the non collinear nature of the E-type order. The Mn spins in the E-type phase are not perfectly collinear but are considerably canted to form a depressed commensurate ab-cycloid as found in previous theoretical studies 28, 29 . Importantly, this canted E-type phase has a magnetic periodicity of Q E = (0, 0.5, 1) that fits with a crystal periodicity of the orthorhombically distorted perovskite lattice of TbMnO 3 . Therefore, the E-type order does not contain any higher harmonic components, which explains the absence of the lower-lying mode observed in the incommensurate cycloidal phase because it originates from the Brillouin-zone folding due to the magnetic higher harmonics of the cycloidal order 21 . As a result, the electromagnon spectrum has a single peak corresponding to the higher-lying zone-edge mode only.
These results are in good agreement with our experimental data shown in Fig. 1 . In the E-type phase, the e 1 electromagnon disappears, whereas the e 2 electromagnon has its frequency downshifted. This evidences that the anharmonicity is a mandatory condition for emergence of the twin electromagnon. The fact that the twin electromagnon (e 1 ) disappears before the transition may be due to weakening of the anarhominicity of the cycloid or/and to the spatial coexistence of the cycloid and the E-type state in the vicinity.
In conclusion, we investigated the dynamical magnetoelectric properties of TbMnO 3 under hydrostatic pressure with both Raman spectroscopy and microscopic model calculations. We find that the lower-lying e 1 electromagnon in the anharmonic cycloidal order disappears in the E-type phase for which anharmonic components are absent. Our finding provides the evidence that the activation of the low-energy electromagnon requires an anharmonicity of the cycloid in TbMnO 3 .
As in the case of the multiferroic BiFeO 3 30, 31 , the anharmonicity is the key to understand the finest properties of the cycloidal multiferroics. We also have shown that an electrical polarization in-duced by the exchange-striction mechanism increases the activity of the zone-edge electromagnon by one order of magnitude. Such conditions have been realized at ambient pressure in strained TbMnO 3 thin films 32 in which enhanced electromagnon excitations might be observed, providing more efficient building blocks for magnonics devices.
METHODS
Samples
Single crystals of TbMnO 3 were grown by floating-zone method and aligned using Laue The ferroelectric order appears below T C = 28K where the Mn magnetic moment transit to an incommensurate cycloidal phase 3, 35 . In this phase the spin of Mn 3+ rotates in the bc plane, and the ferroelectric polarization appears along the c axis. We have probed one TbMnO 3 single crystals with a ac plane.
Light scattering
Raman scattering measurements are performed in a diamond anvils cell equipped with a membrane for change of the hydrostatic pressure. The fluorescence of ruby balls is used as a 13 pressure gauge. The pressure transmitting medium is helium. The incident laser spot is about 20 µm diameter size. We have used a triple spectrometer Jobin Yvon T64000 equipped with a liquid-nitrogen-cooled CCD detector and solid laser with a line at 561 nm.
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